Dental implants are commonly used in daily practice; however, most surgeons do not really know the characteristics of these biomedical devices they are placing in their patients. The objective of this work is to describe the chemical and morphological characteristics of 14 implant surfaces available on the market and to establish a simple and clear identification (ID) card for all of them, following the classification procedure developed in the Dohan Ehrenfest et al (2010) Codification (DEC) system. Fourteen implant surfaces were characterized: TiUnite (Nobel Biocare), /NanoTite (Bicon). Three samples of each implant were analyzed. Superficial chemical composition was analyzed using X-ray photoelectron spectroscopy/electron spectroscopy for chemical analysis, and the 100 nm in-depth profile was established using Auger electron spectroscopy. The microtopography was quantified using light interferometry. The general morphology and nanotopography were evaluated using a field emission-scanning electron microscope. Finally, the characterization code of each surface was established using the DEC system, and the main characteristics of each surface were summarized in a reader-friendly ID card. From a chemical standpoint, of the 14 different surfaces, 10 were based on a commercially pure titanium (grade 2 or 4), 3 on a titanium-aluminum alloy (grade 5 titanium), and one on a calcium phosphate core. Nine surfaces presented different forms of chemical impregnation or discontinuous coating of the titanium core, and 3 surfaces were covered with residual aluminablasting particles. Twelve surfaces presented different degrees of inorganic pollutions, and 2 presented a severe organic pollution overcoat. Only 2 surfaces presented no pollution (Osseospeed and Ossean). From a morphological standpoint, 2 surfaces were microporous (anodization) and 12 were microrough, with different microtopographical aspects and values.
Ten surfaces were smooth on the nanoscale, and therefore presented no significant and repetitive nanostructures. Four implants were nanomodified: 2 implants were nanorough (Osseospeed and Ossean), and 2 were covered with nanoparticles (NanoTite and SLActive). TiUnite and Kohno HRPS were covered with extended cracks all over the surface. Only 8 surfaces could be considered homogeneous. This systematic approach allowed the main characteristics of these commercially available products to be gathered in a single ID card. It can be used as an experimental tool or a method for controlling industrial implant productions. The DEC system could be an interesting basis for the development of a clear and simple ISO standard for dental implant surfaces and other implantable devices.
Key Words: dental implant, nanostructure, osseointegration, titanium D ental implants are now commonly used in daily practice, but most surgeons have very limited information concerning the characteristics of the products they use. 1 These implants interact with living tissues and functions and therefore have at least 2 main characteristics that should be clearly available to customers: biomechanical characteristics of the macrodesign and chemical/physical characteristics of the osseointegrated interface. 2 In fact, many parameters influence the process of osseointegration and the protection of the peri-implant bone tissue, particularly the surface modifications [3] [4] [5] [6] [7] [8] [9] [10] and the macrodesign of the implant, 3, [11] [12] [13] [14] [15] [16] [17] [18] but also the general physiological conditions of the patients, [19] [20] [21] [22] [23] the bone quality and quantity of the implantable sites, [24] [25] the surgical procedure, [26] [27] [28] [29] and the prosthetic functional loading procedure 30 and timing. [31] [32] [33] All these parameters are the source of a large literature and scientific debates. However the surface characteristics are intrinsic industrial parameters of the product and should therefore be clearly disclosed to the users.
Even if most companies advertise some surface characteristics of their products, no clear certified data are easily available for the surgeon. 1 The main reason for this difficulty in obtaining information about the surface characteristics is that the scientific literature on dental implant surfaces is quite confusing, and no global standard has yet been developed or is widespread. However, the analysis of surfaces is a well-known science that is used in various fields such as the semiconductor and chemical industries. Therefore, numerous instruments can be used to characterize dental implant surfaces, and some articles have already started to accurately describe the chemical composition, 34, 35 microtopography, 36 and nanotopography of some commercially available products. [37] [38] [39] However, accurate data remain scarce and are difficult to interpret and standardize.
Recently, a classification system was published to create a standard for characterizing dental implant surfaces. 2 Using standardized tools of analysis and terminology, each osseointegrated implant surface can be defined using a characterization code. The characterization code first describes the surface chemical composition: the core material (titanium grade, zirconia, hydroxyapatite) and the chemical or biochemical modification (impregnation, coating, pollution). The code then defines the surface morphological characteristics (topography, structures) at the micrometer (microroughness, micropores) and nanometer (nanosmooth, nanoroughness, nanopatterning, nanotubes, nanoparticles) scales. Finally, the characterization code is completed with information about the general morphology of the implant surface, such as its homogeneity, the pres-ence of cracks or large particle inclusions, and the possibility of a fractal dimension between the 3 levels of investigation (microscale, nanoscale, and atomic scale). This standardized codification system allows users to clarify the identity of each surface and to easily sort their differences. However, it is still necessary to gather the analytical data in a simple way in order to present the data in a reader-friendly way for the users of these products.
The objective of this article is to describe the chemical and morphological characteristics of 14 implant surfaces available on the market and to establish a simple and clear identification (ID) card for all of them, following the classification procedure developed in the Dohan Ehrenfest et al (2010) Codification (DEC) system. 2 
MATERIALS AND METHODS

Chemical analyses
The chemical characteristics of the surfaces were evaluated using 2 investigative techniques.
The superficial atomic composition and chemistry of all the samples were evaluated accurately through X-ray photoelectron spectroscopy (XPS)/electron spectroscopy for chemical analysis (ESCA) using a PHI Quantum 2000 instrument (Physical Electronics Inc, Chanhassen, Minn; analytical parameters: monochromatic X-ray source Alka 1486.6eV, acceptance angle 623u, take-off angle 45u, charge correction C1s 284.8 eV) on a 100 mm diameter analysis area located between the second and third threads of each sample. This technique allows the surface chemistry of a 5-10 nm thick superficial layer to be analyzed.
The in-depth analysis of the chemical composition of the external surface layer was performed using Auger electron spectroscopy (AES) using a PHI 670 Scanning Auger Nanoprobe instrument (Physical Electronics Inc; Electron Beam Energy 10keV, 20nA; Tilt 30u to sample normal) on a very small analysis area (30 nm in diameter) located in the middle of the cutting edge (or an equivalent flat part, depending on the implant macrodesign) of each implant. The in-depth chemical profile was established down to 100 nm, using sputtering cycles with a 4keV Ar+ source (Ar+ etching rate for TiO 2 : 3.3 nm/min). Two in-depth profiles were established per sample. The analysis area being very small, the 2 spots were very precisely located, respectively, on a peak and in a valley of the surface microtopography.
Morphological analysis
The morphological characteristics of the surfaces were evaluated using 2 techniques of investigation.
The general morphology of the surfaces was evaluated and described separately by 2 independent teams, the first one with a field emission-scanning electron microscope (FE-SEM, Hitachi S-4700, Hitachi HTA, Pleasanton, Calif) up to 3200 000 magnification and the second one with a classical scanning electron microscope (SEM; LV-6380, JEOL, Tokyo, Japan). All the areas of the implants were carefully examined, from the macroscale to the nanoscale. This examination allowed the various morphological characteristics of the surfaces (cracks, blasting residues, homogeneity) to be highlighted and allowed for determination of the kind of nanotopography of each sample (nanosmooth, nanorough, nanopatterned, or nanoparticled).
The microtopography was quantified using a light interferometer (IFM, MicroXAM, ADE Phase Shift Inc, Tucson, Ariz), following the guidelines suggested in 2000, 36 that is, evaluating the topography on the top, valley, and flank of 3 successive threads and calculating the corrected mean values of these large areas. The dimensions of the analyzed areas were 200 3 260 mm most of the time, but the area could be a little bit smaller depending on the implant macrogeometry. An IFM three-dimensional reconstruction picture was used in each ID card to illustrate the general aspect of the microtopography. Several topographical parameters were assessed, but only 2 were considered significant for the classification of the surface characteristics: the Sa (height deviation amplitude of the microtopography, also called roughness) and the Sdr% (a hybrid parameter integrating both the number and height of peaks of the microtopography). The Sa is an important and frequent parameter for comparing surfaces and has already been used in other classifications. 40 The Sdr% is calculated as a developed area ratio relative to a flat plane baseline. For a totally flat surface, Sdr 5 0%. When Sdr 5 100%, it means that the roughness of a surface doubled its developed area.
These Sa and Sdr% values allowed for classification of the microtopography, following the previously developed DEC system. However, we have introduced some minor modifications to the initial classification system: when Sdr% is below 50%, the surface is labeled ''flat'', and when the Sdr% is above 200%, the surface is labeled ''extra rugged''. The modified classification system for these values is summarized in the Table. RESULTS
General considerations
XPS is a very sensitive technique that allows the user to determine the relative quantities and chemical states of most elements present on the surface, main elements and various contaminants. The high-resolution spectra of these analyses allows determina- The AES method allows for the in-depth analysis of very small areas but with fewer details than XPS. Our protocol allowed for the analysis of the chemical composition of the first 100 nm surface thickness, which is the main interface during the osseointegration. In some surfaces, the percentage of aluminum quickly reached almost 10% of the total composition, and this is typical of grade 5 Ti-6Al-4V titanium cores. The AES profiles were often similar between the peaks and valleys, and the peak profile was used in the ID cards. Because of the very small size of the analysis spot, some elements presenting a heterogeneous distribution and detected with XPS were not found with AES. For example, alumina-blasting residues were sometimes outside the AES beam, and therefore were not detected, even if they were clearly visible with the SEM.
The combination of XPS and AES data allows the TiO 2 layer thickness to be determined, which is considered important for the osseointegration process. Typically, only anodized/oxidized implants (TiUnite and Ospol) have a very thick (micrometric) TiO 2 layer, which is considered to increase the bone/implant chemical interlocking. 41 All the other blasted and/or etched surfaces only presented a thin native TiO 2 layer (around 6-8 nm), except Ossean, which had a thicker TiO 2 layer (.12 nm).
The intent of these ID cards is to gather the key information about a surface in a compact format, and therefore only a limited number of FE-SEM photos can be added in each card. The FE-SEM photos are not necessary to show the microscale level of the surfaces, as the IFM three-dimensional reconstruction figures offer a much more representative and reliable illustration of the microtopography. The FE-SEM photos are thus mainly important for illustrating the global architecture of the surface and the nanoscale features. For this reason, a standard magnification of 330 000 was chosen for the FE-SEM photo used in each card, because this magnification can simultaneously illustrate the microscale morphology and confirm the absence of significant nanotexture.
Sometimes, however, this standard magnification does not show the most important patterns of a surface, and another presentation is needed to keep the card reader-friendly and complete. When implant surfaces present significant and repetitive nanostructures, it is preferable to use FE-SEM photos at a higher magnification (3100 000) in order to show these nanostructures very accurately. A few surfaces present large micrometric patterns that cannot be illustrated properly at the standard 330 000 magnification (micropores, extended cracks). In these cases, it is more logical to use 35000 photos to illustrate these surfaces clearly. Consequently, with this low magnification, the nanotopography is no longer visible, and a second photo at a higher magnification (3100 000) must be provided for illustration (even if these photos look very flat when the surfaces are nanosmooth).
Note that all of these analyses have been performed and checked many times on many samples during the preliminary inves-tigations to validate this project. Finally, we collected a last series of standardized data for the establishment of the ID cards. The surfaces were gathered in 4 groups, depending on their production technology.
Surfaces from the first group
The first group gathers all the surfaces presenting a modification of the titanium metallurgy. This includes mainly anodized or titanium plasma-sprayed (TPS) surfaces.
TiUnite (Figure 1) is an anodized surface, thus presenting a thick TiO 2 layer (.100 nm). During anodization, a high quantity of phosphorus is incorporated into the surface as a chemical modification. Inorganic fluoride and sulfate pollutions were also detected. The surface is microporous (pores created by anodization), is smooth on the nanoscale, and presents extended cracks related to the anodization process.
Ospol (Figure 2) is also an anodized surface, thus presenting a thick TiO 2 layer (.100 nm). During anodization, low quantities of calcium and phosphorus are incorporated into the surface as a chemical modification. Traces of sodium were also detected. The surface is microporous (pores created by anodization), is smooth on the nanoscale, and presents small local cracks related to the anodization process.
Kohno HRPS (High Roughness Plasma Spray) is a TPS surface (Figure 3 ). Some inorganic pollutions were detected: phosphorus (as phosphate), fluoride, and sulfur (as sulfate). The main characteristics of this kind of surfaces are topographical: the microroughness is maximal, it is smooth on the nanoscale, and it is covered with many extended cracks (related to the cooling of the plasma-sprayed titanium).
Surfaces from the second group
The second group gathers all the surfaces designed by subtraction using only blasting and/or etching.
Osseospeed (Figure 4) is produced through blasting with TiO 2 particles and etching with hydrofluoric acid. The surface is impregnated with residual levels of fluoride. No pollution was detected. The microroughness is moderate; it is covered with a nanoroughness all over the implant. Some large TiO 2 residual blasting particles are impacted in the surface and present a very smooth surface. For this reason, the surface may be considered heterogeneous.
Ankylos ( Figure 5 ) is a blasted/etched surface. The surface is covered with alumina particles (Al 2 O 3 ), and many other inorganic pollutions were detected-sodium, fluoride, calcium, phosphorus (as phosphate), zinc, chloride, and sulfur (as sulfate). The surface is moderately microrough and nanosmooth, but it is quite heterogeneous all over the implant.
Zimmer MTX ( Figure 6 ) is produced using blasting with hydroxyapatite on a grade 5 titanium core. Therefore, the surface is impregnated with low levels of calcium phosphate (CaP); it is not visible with FE-SEM but is homogeneous all over the surface. A significant silicon inorganic pollution was also detected. The microroughness is minimal, and the surface is smooth on the nanoscale.
Camlog Promote (Figure 7) is a blasted/ etched surface. Some inorganic pollution with zinc and calcium was detected. The surface is moderately microrough and nanosmooth, and it is quite homogeneous all over the implant.
BTI Interna (Figure 8) is an etched surface covered with high levels of organic carbon species (organic pollution). The surface shows numerous aggressive etching pits in a high magnification but with a low height deviation amplitude; thus, the surface has a global smooth aspect on the microscale. At a higher magnification, the topography appears smooth on the nanoscale. EVL Plus (Figure 9 ) is a blasted/etched surface. It is impregnated with residual levels of calcium phosphate and covered with small alumina (Al 2 O 3 ) particles. A residual fluoride inorganic pollution was also detected. The microroughness is minimal, and the surface is smooth on the nanoscale. Twinkon Ref (Figure 10 ) is a blasted surface on a grade 5 titanium core. The surface appears impregnated with calcium, and it is covered with alumina particles (Al 2 O 3 ) and a thick organic pollution (thick carbon overcoat all over the implant). Some other inorganic pollutions were detected: silicon, sulfur (as sulfate), chloride, and zinc. The surface is minimally microrough, is nanosmooth, and is heterogeneous all over the implant.
Surfaces from the third group
The third group gathers the surfaces designed by subtraction using blasting and/or etching and postprocessing (except coating). In this study, only one product could be classified in this group.
Ossean (Figure 11 ) is a blasted/etched surface with unknown postprocessing. The TiO 2 layer is thicker than 12 nm. The surface is impregnated with low levels of calcium phosphate, which is not visible with FE-SEM but is homogeneous all over the surface. No pollution was detected. The microroughness is minimal, though close to the moderate level, and it is covered with a nanoroughness all over the implant. The surface is homogeneous in chemistry and topography, and it may be considered fractal according to our definition.
Surfaces from the fourth group
The fourth group gathers the surfaces presenting a final chemical coating.
Of these, 3I NanoTite (Figure 12) is an etched surface on a grade 5 titanium core; it has a final discontinuous coating with CaP particles. Some traces of fluoride and sulfur inorganic pollutions were also detected. The microroughness is smooth and flat, and it is covered with nanoparticles that create a significant texture on the nanoscale. The size of the CaP particles can vary a lot, however, and many microparticles or CaP aggregates are randomly found on the surface. For this reason, the surface should be considered heterogeneous.
SLActive (Figure 13 ) is a blasted/etched surface with a final immersion in a sodium chloride (NaCl) physiological solution. The surface is therefore coated with NaCl crystals, and some traces of other elements were also detected (fluoride, potassium, calcium, and phosphate). The microtopography is moderately rough and rugged. When the implant is outside its box, the solution dries quickly on the surface and creates many NaCl aggregates all over the implant and a significant nanotexturization. However, the morphology of this coating is very heterogeneous.
Integra-CP, previously known as Bicon NanoTite (Figure 14) , is a blasted/etched surface with a final coating using calcium phosphate ion-beam assisted deposition. The CaP coating is thicker than 100 nm, and CaP is therefore the core material of this surface. Some traces of fluoride and sulfur pollutions were also detected. The surface is flat on the microscale and smooth on the nanoscale.
DISCUSSION
Since the osseointegration concept was established, the characteristics of the bone/ implant interface and ways to improve it have been analyzed in dental implant research. However, the accurate characterization of the surfaces is still a source of misunderstanding and debate.
The use of these classic instruments for chemical analysis (XPS/ESCA and AES) seems to be a simple and logical approach, but most studies about implant surface still neglect the investigation of the surface chemistry. 2 The chemical characterization of commercially available products is also quite scarce in the literature. 34, 35 In contrast, the evaluation of the surface morphology and topography on the micrometer scale is commonly used, but the way to quantify the microstructures remains a source of debate, particularly because data are very dependent on the instrument and protocol used. 36 Finally, the investigation of the nanotopography of dental implants is a very recent approach. [37] [38] [39] The concept of these ID cards is to gather the main information concerning a surface in a simple and standardized way. However, it is very important to understand the limitations of such a system. The chemical analyses are accurate but are always difficult to interpret completely without detailed spectrometric graphs and the knowledge of how to read them. 35 The IFM mean values of the microtopography also have to be considered as relative, because such values are always dependent on the method used (measuring equipment, filtering technique, number and size of measure areas). 36 Finally, the notions of nanosmooth/nanorough are only qualitative and morphological and, like most other terms used in the codification system, are based on the definitions given in the classification article. 2 Other authors may prefer to use different terms or interpretations. 38 This is why the codes are called ''DEC'': the data here are sorted and interpreted following a specific and well-defined system, and some differences can appear in the terminology used by other authors. Therefore, the ID cards and the DEC system must be considered as a tool, not as absolute data. When considering all of these codes obtained by the same protocol, it is possible to compare the main characteristics of the various implant surfaces together.
The notion of surface homogeneity is also to be understood with caution. Even if dental implants are supposed to be carefully manufactured products, most implants are not as homogeneous as expected, though this is considered as normal. Therefore, in the codification system, the homogeneity of a surface should be understood as a relative homogeneity, that is, implants are all homogeneous unless they are clearly heterogeneous. The reasons for this heterogeneity are numerous but always quite simple to understand: when some areas of the surface are lacking a key characteristic of the other areas (eg, Osseospeed smooth TiO 2 blasting residues), when the crystal clusters cannot be controlled (eg, SLActive, NanoTite), or when the surfaces are covered by various kinds of pollutions (eg, Ankylos, Tekka). In this classification system, it remains a qualitative parameter, not a quantitative one.
The first objective of the DEC 2 system was to create a standard procedure for the characterization of surfaces in order to define and isolate more clearly the chemical and physical parameters when comparing the biological performances of various surfaces. It was therefore first an experimental tool.
The second objective of the DEC system is directly related to the development of the surface ID card: to create a standard procedure for describing and controlling commercially available products. Nowadays, there is no serious standard that defines what a surface should be, and dental implants are marketed without a clear definition of their surface characteristics. This lack of surface characterization is common to many implantable biomedical devices. Therefore, the practitioner has no real information about the material that is implanted in his or her patients, though the practitioner is partially responsible for these implanted materials. This situation is contradictory, and may be legally dangerous, when considering that the surface design defines the interface of the biomaterial with the host tissues and thus represents a key component of the implant biocompatibility.
The use of the DEC system on a product ID card that gathers the main surface data is a simple way to provide this key information to practitioners. However, these analyses and the establishment of these ID cards should always be performed by independent teams without conflict of interest and should be repeated frequently within the various references and batches of the company's production to guarantee the validity of the codes. The DEC system could, therefore, be a first step toward the development of an ISO characterization standard procedure in order to increase the control of the available products. This is of particular interest because the globalization of implant production means many implants are produced in unknown conditions in various countries with different regulations and are marketed without any serious control. The establishment and regular control of a DEC system by a renowned team could therefore offer a supplementary guarantee to the users.
We also noticed that some surfaces were very heterogeneous, and therefore may present different codes (chemical and/or morphological) depending on the area of analysis. Theoretically, the surface is a very significant characteristic of the product, and Food and Drug Administration approvals (or other administrative agreements) are given for one specific product. The industrial production under an administrative approval is supposed to be homogeneous. When companies are producing implants with different surfaces depending on the batch, logically these batches have to be considered as different products. This situation raises serious legal issues, and some companies should check their productions more carefully and identify their surfaces in order to avoid misunderstandings and potential serious legal consequences.
Finally, during the establishment of these ID cards, we noticed that some surfaces were not clearly named (and trademarked) by the companies, as if the surfaces were not a specific characteristic of the products. For clarity reasons, all surfaces should be clearly named. If different versions of the surface exist, different name variations (for example with a 1.0, 2.0, 2.1, marking) should be used. A well-characterized surface, with a specific name that refers to a specific product, would be the ideal situation from an industrial and legal/administrative standpoint.
CONCLUSIONS
The development of the DEC system is a way to establish a standard for the characterization of implant surfaces. The purpose of this systematic and simple approach is first to clarify the experimental data published in the literature in order to make it easier to sort and interpret. The presentation of the DEC system on an ID card is also of great practical interest for the implant users, as it allows the main characteristics of commercially available surfaces to be gathered in a reader-friendly document. This ID card gives the necessary information to the surgeon when selecting an implant system for daily practice. This is of particular interest as practitioners are legally responsible for the choice of their implantable materials. Finally, the use of the DEC system could be an interesting basis for the development of a clear and simple ISO standard for dental implant surfaces and for other implants, such as orthopedic implantable devices. 
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